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Abstract

Aims—We hypothesized that height-corrected abdominal size (supine sagittal abdominal 

diameter/height ratio [SADHtR] or waist circumference/height ratio [WHtR]) would associate 

more strongly than body mass index (BMI, weight/height2) with levels of fasting insulin, 

triglycerides, and three derived biomarkers of insulin resistance.

Methods—Anthropometry, including SAD by caliper, was collected on 4398 adults in the 2011–

2014 National Health and Nutrition Examination Survey. For comparison purposes, each adiposity 

indicator was scaled to its population-based, sex-specific, interquartile range (IQR). For each 

biomarker we created four outcome groups based on equalsized populations with ascending 

values. Multivariable polytomous logistic regression modeled the relationships between the 

adiposity indicators and each biomarker.

Results—Highest-group insulin was associated with a one-IQR increment of BMI (RR 4.3 [95% 

CI 3.9–4.9]), but more strongly with a one-IQR increment of SADHtR (RR 5.7 [5.0–6.6]). For 

highest-group HOMA-IR the RR for BMI (4.2 [3.7–4.6]) was less than that of SADHtR (6.0 [5.1–

7.0]). Similarly, RRs for BMI were smaller than those for SADHtR applying to highest-group 

triglycerides (RR 1.6 vs 2.1), triglycerides/HDL-cholesterol (RR 1.9 vs 2.4) and TyG index (RR 

1.7 vs 2.2) (all p < .001). The RRs for WHtR were consistently between those for SADHtR and 

BMI. The top 25% of insulin resistance among US adults was estimated to lie above adiposity 

thresholds of 0.140 for SADHtR, 0.606 for WHtR, or 29.6 kg/m2 for BMI.
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Conclusions—Relative abdominal size rather than relative weight may better define adiposity 

associated with homeostatic insulin resistance. These population-based, cross-sectional findings 

could improve anthropometric prediction of cardiometabolic risk.
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1. Introduction

The body mass index (BMI, weight/height2) is commonly recommended for clinical and 

epidemiological categorization of human adiposity. Although adult BMI is associated with 

cardiometabolic disorders and mortality assessed at the population level, the BMI cannot 

distinguish between lean mass and various depots of adipose tissue. Thus, dependence on 

conventional categories of BMI sometimes misclassifies health risks for individuals. The 

exploration of alternative adiposity indicators has been recommended [1].

Guided by an emerging appreciation of the roles played by visceral (intra-abdominal) 

adiposity, various experts have evaluated the utility of the waist circumference or the waist-

to-hip circumference ratio as candidate indicators suitable for identifying risks of mortality 

[2], type 2 diabetes [3], cardiovascular disease, hypertension [4], and cancer [5]. However, 

neither waist circumference nor waist-to-hip circumference ratio acknowledges an influence 

of height which corrects the waist value for general body size and thereby may improve the 

association of waist circumference with cardiometabolic risk variables [6]. We note also that 

increased height tends to identify adults with relatively longer legs. Greater leg length can 

support enlarged adipose depots in the lower extremities which are associated with reduced 

cardiometabolic risk [7–9]. Accordingly, many researchers have considered benefits of using 

the waist circumference/height ratio (WHtR) for estimating the risk of cardiometabolic 

disorders [10–14].

Since the supine sagittal abdominal diameter (SAD, also called “abdominal height”) 

correlates strongly with the amount of visceral fat [15,16] and with traditional 

cardiometabolic risk markers [17–19], several authors have extended consideration to the 

SAD/height ratio (SADHtR) as yet one more alternative to the BMI [10,11,20,21]. 

Beginning in 2011, the supine SAD has been measured routinely in the U.S. National Health 

and Nutrition Examination Survey (NHANES) along with waist circumference, height, and 

weight. Thus, recent NHANES information includes a large, representative sample of adults 

from which we can calculate simultaneous values of SADHtR, WHtR, and BMI.

Our primary purpose in this report is to clarify how strongly SADHtR, WHtR, and BMI are 

associated with “upstream” markers of insulin dynamics and dyslipidemia that may 

influence a variety of “downstream” cardiometabolic diseases. Thus, our biomarkers of 

interest are adverse levels of fasting insulin, triglycerides, and three derived homeostatic 

biomarkers that can be measured readily in population-based surveys. Approximately half of 

NHANES participants had their blood drawn in the fasting state during a morning encounter 

at the examination centers. Within this large sample, we hypothesized that adiposity 
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indicators based on abdominal size relative to height (SADHtR and WHtR) would have 

greater utility than the BMI for identifying fundamental physiologic disturbances that 

contribute eventually to cardiometabolic disease.

2. Materials and methods

2.1. Participants and anthropometry

Our report is based on non-pregnant adults (age ≥ 20 years) participating in NHANES 

examinations during 2011–2014. The NHANES protocol was approved by the Research 

Ethics Review Board of the Centers for Disease Control and Prevention’s National Center 

for Health Statistics. Participants provided informed consent. Of 4664 non-pregnant adults 

attending the morning examinations, 4616 provided BMI values, 4494 provided WHtR, and 

4405 provided SADHtR. We restricted our primary descriptive sample to include only the 

4398 adults who had values for all three of the adiposity indicators (94.3% of morning 

attendees). With statistical weighting these examinees represented approximately 213.8 

million US adults.

Weight, height, and waist circumference (standing position, by tape measure just above the 

uppermost lateral border of the ilium) were obtained by established methods [22]. WHtR 

was calculated as the waist circumference divided by height. The SAD measurement used a 

portable, sliding-beam caliper (Holtain, Ltd, Wales, UK) [22]. Supine participants rested on 

a lightly padded exam table with their hips in flexed position as the examiner marked the 

level of their iliac crests. The lower arm of the caliper was then positioned under the small of 

the back, and the upper arm was raised above the belly in alignment with their iliac-crest 

level. The examiner asked the participant to inhale gently, slowly let the air out, and then 

relax. The examiner then lowered the caliper’s upper arm, letting it lightly touch the 

abdomen but without compressing it (Fig. 1). The SAD value, recorded to the nearest 0.1 

cm, was read directly from a tape measure fixed to the caliper shaft. For 94.4% of adults we 

defined SAD as the mean of two initial measurements; when the difference between the first 

and second measurements exceeded 0.5 cm (5.6%) we used the mean of up to 4 

measurements [23]. SADHtR was calculated as SAD/height.

We estimated the sex-stratified distributions of anthropometric dimensions and adiposity 

indicators in the represented population, including the sex-specific interquartile range (IQR; 

75th percentile [p75] minus 25th percentile [p25]) for SADHtR, WHtR, and BMI.

2.2. Dependent variables

Fasting insulin, triglycerides, and HDL cholesterol were assayed in serum, and fasting 

glucose was assayed in plasma by standard methods [24]. Based on these laboratory data, 

we identified five biomarkers as dependent variables reflecting underlying metabolic risk.

Two biomarkers (insulin and homeostasis model assessment of insulin resistance [HOMA-

IR]) were analyzed from 4251 participants with complete data on fasting insulin and 

glucose. For each of these biomarkers we categorized four groups from their distributions 

estimated in the represented population. These ordinal outcome groups of the dependent 
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variable were based on ascending quartile cut points for insulin (6.01, 9.45, 15.39 μU/mL) or 

for HOMA-IR (1.041, 2.343, 4.055).

Three biomarkers (fasting triglycerides, ratio of triglycerides/HDL-cholesterol, and TyG 

index) were analyzed from 4353 participants with complete data on fasting triglycerides, 

HDL cholesterol, and glucose. For each of these biomarkers we categorized four groups 

based on quartile cut points for fasting triglycerides (0.779, 1.13, 1.67 mmol/L) [69,100,148 

mg/dL], for the ratio of triglycerides/HDL-cholesterol (1.215, 1.954, 3.223), or for the TyG 

index (8.116, 8.522, 8.968). Triglycerides/HDL-cholesterol is a proxy variable for 

identifying persons with insulin resistance and elevated cardiometabolic risk [25,26]. The 

TyG index, an estimator of insulin resistance and hepatic steatosis [25,27], was calculated as 

loge [((triglycerides, mg/dL) × (glucose, mg/dL))/2)] [28].

2.3. Statistical methods

NHANES selected participants through a complex, multistage-probability design requiring a 

sampling weight for each participant. We used SAS (release 9.3; SAS Institute Inc.) and 

SUDAAN (PROC DESCRIPT and PROC MULTILOG, release 11.0; RTI International) to 

account for the complex design and statistical weights for the fasting sample so that 

characteristics of the represented population could be correctly described.

For comparing the effects of SADHtR, WHtR, and BMI we standardized these adiposity 

indicators by scaling them to their sex-specific IQRs. We used multivariable polytomous 

logistic regression models with calculated predicted margins associated with an adiposity 

increment of one IQR to estimate the relative risk (RR) for being in each of the ordinal 

outcome groups (Q1, Q2, Q3, Q4) described above for five different biomarkers. Each of the 

regression models included adjustment for 7 categories of age (decades, of which the highest 

was 80+ years) and five mutually exclusive categories of ancestry as determined from self-

reported ethnicity and race (non-Hispanic white, non-Hispanic black, non-Hispanic Asian, 

Hispanic, and “other, including multi-racial”). Some models were also adjusted for sex, use 

of injected insulin, or use of oral anti-hyperglycemic medication (by self report) when these 

covariates made a significant (p < .05) contribution. No models required adjustment for use 

of anti-cholesterolemic medication.

For practitioners who use adiposity indicators to categorize persons or populations with a 

high-risk physiologic status, we have estimated threshold values of SADHtR, WHtR, and 

BMI that could identify those likely to be in the most adverse range (25% of adults) for each 

of the five evaluated biomarkers. In this exercise, we estimated the distributions of each 

adiposity indicator among the most adverse and the less adverse (favorable) sub-populations. 

For each biomarker, our estimated adiposity threshold was the mean of adiposity indicator 

p25 in the most adverse group (low quantile) and adiposity indicator p75 in the less adverse 

group (high quantile) (see general illustration in Supplementary Material, Fig. S1). 

Quantitative details for threshold estimation of each adiposity indicator and each adverse 

biomarker level are provided in the Supplementary Material with Table S1.

2.4. Role of the funding source

This research received no specific grant from any funding agency.
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3. Results

3.1. Comparisons between three scaled adiposity indicators

Sex-specific distributions of SADHtR, WHtR and BMI in the overall adult population are 

presented in Table 1. For each adiposity indicator, the IQR was larger for women compared 

to men. This observation supports the analytic strategy to employ sex-specific IQRs for 

scaling the adiposity indicators used in our comparative models.

As applied to the modeling of insulin-based biomarkers, Fig. 2 displays smaller RRs per one 

IQR of BMI, as compared to one IQR of SADHtR, for being in outcome groups at the 

highest level (Q4) of metabolic risk. Fig. 2.a. shows that a one-IQR increment of the BMI 

was associated with an increased risk for being in the Q4 of insulin (RR 4.33 [95% CI3.86–

4.87]), but a one-IQR increment of the SADHtR was associated with a larger increased risk 

for being in the Q4 of insulin (RR 5.72 [4.96–6.60]; p = .003 for difference with BMI). The 

scaled WHtR (RR 4.91 [4.34–5.56]) was associated with an estimate that was between the 

RR values for BMI and SADHtR. As seen in Fig. 2b, we found for HOMA-IR the same 

ranking of RRs for the adiposity indicators: 4.15 [3.72–4.63] for BMI; 5.13 [4.51–5.84] for 

WHtR (p = .013 for difference with BMI); and 6.01 [5.14–7.01] for SADHtR (p < .001 for 

difference with BMI).

Among our models that predicted lipid-based, proxy biomarkers for insulin resistance we 

also found reduced RRs for scaled BMI as compared with scaled SADHtR (Fig. 3a, b, and 

c). The contrast between BMI and SADHtR was confirmed in the Q4 groups of triglycerides 

(RR 1.63 vs 2.08), of triglycerides/HDL-cholesterol (RR 1.90 vs 2.44) and of the TyG index 

(RR 1.71 vs 2.22) (all p < .001). In the Q3 groups of these biomarkers we also noted RR 

contrasts between BMI and SADHtR in models for triglycerides (RR 1.16 vs 1.26; p = .004), 

for triglycerides/HDL-cholesterol (RR 1.23 vs 1.33; p = .010) and for the TyG index (RR 

1.19 vs 1.29; p = .002). When BMI was compared with WHtR in the Q4 groups, the RR for 

BMI was less in models for triglycerides/HDL-cholesterol (1.90 vs 2.19; p = .024) and for 

the TyG index (1.71 vs 1.98; p = .007).

3.2. Estimating adiposity thresholds for high-risk groups of each biomarker

As expected, for each of the five biomarkers measured in this study the distribution of 

adiposity indicators in the most adverse group (Q4) had higher values than the adiposity 

distribution in the remaining favorable population containing Q1, Q2, and Q3 (Table S1). 

Threshold adiposity values for distinguishing the most adverse from the favorable biomarker 

groups of insulin action were estimated to be 0.140 for SADHtR, 0.606 for WHtR, and 29.6 

kg/m2 for BMI. Thresholds estimated between groups of lipid-based proxy variables had 

values similar to the thresholds for biomarkers of insulin action, but their uncertainty was 

greater.

3.3. Interactions by age and ancestry

In logistic models stratified according to participant age (20– 49 y [sample n = 2225–2277] 

or 50+ y [sample n = 2026–2076]), we found for the highest-risk outcome groups that the 

ranking of RRs among the adiposity indicators was unchanged by the age level (Table 2). 
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Compared to the younger adults, however, older participants had RRs that tended to be 

weaker, and the confidence limits around the RRs for each adiposity indicator were more 

likely to overlap each other.

Among the ancestral categories identified in our various multivariable models, we noted that 

outlying regression coefficients occurred frequently only for the non-Hispanic black 

category (“black”). In models stratified as black (sample n = 851–885) or non-black (sample 

n = 3400–3468) we found for the highest-risk outcome groups that the ranking of RRs was 

unchanged between blacks and non-blacks (Supplementary Material, Table S2). Compared 

to the non-black population, the blacks had relatively weaker RRs and the confidence limits 

around their RRs were more likely to overlap.

With one minor exception, none of our models demonstrated any interaction with the sex 

covariate (p > .18). A weak interaction (sex × WHtR; p = .032) was found only in the model 

for triglyceride/HDL-cholesterol, but was judged insufficient to require sex-stratified 

analyses for the entire dataset.

4. Discussion

The major results of this study support the hypothesis that adiposity indicators based on 

abdominal size relative to height, when compared to BMI, are more strongly associated with 

an adverse level of five fasting-state biomarkers. Our cross-sectional findings are robust for 

the indicator SADHtR, but less so for the WHtR. These observations in a large, 

contemporary, sample of U.S. adults could strengthen the applications of low-cost 

anthropometry in clinical, epidemiologic, and research practice.

Earlier cross-sectional studies have demonstrated that WHtR [12,13,21] or SADHtR [21] 

were similarly associated with traditional risk factors for cardiometabolic disease, and that 

these associations were generally stronger than those with BMI.

Our evaluations of BMI, WHtR, and SADHtR are novel in that our dependent variables of 

interest (five biomarkers) are neither classical cardiovascular risk factors nor incident 

clinical events. Rather, we used fasting-state data from NHANES to focus on adiposity’s 

cross-sectional associations with circulating insulin, triglycerides, and three derived 

biomarkers that estimate insulin resistance in the homeostatic condition. These biomarkers 

describe underlying metabolic dysfunctions that point generally to future diabetes, 

atherosclerotic diseases, fatty liver, and several types of cancer. NHANES does not include 

any longitudinal assessments, however, so our report is not a prospective study focused on 

the incidence of a specified clinical event.

By choosing to study biomarkers with a wide range of potential clinical sequelae, we remind 

ourselves that anthropometry’s purpose in clinical or epidemiologic settings need not be 

restricted to the prediction of just one disease at a time. Nevertheless, the ability to predict 

hard clinical outcomes is pertinent to clinical evaluations. Prospective studies have found 

that incident type 2 diabetes could be predicted by waist circumference in models that 

included height [29,30] or that WHtR predicted incident diabetes at least as well as BMI 

[31–34]. With regard to cardiovascular events and mortality, prospective reports found also 
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that WHtR predicted incident outcomes at least as well as BMI [20,35–40]. Thus, there is 

ample reason to expand our use of WHtR.

There is less experience with the use of SADHtR in clinical or research practice. One 

prospective, population-based study of adults demonstrated that SAD contributed 

significantly to the prediction of incident diabetes in models including BMI [41], and a 

longitudinal study of patients with type 2 diabetes reported that SAD was superior to waist 

circumference or BMI for predicting incident cardiovascular events [42]. Other studies have 

documented associations between SAD and mortality in selected, high-risk populations 

[43,44].

Within our large, population-based dataset we found no evidence that the ranking of RRs 

across the three adiposity indicators (SADHtR >WHtR > BMI) would be influenced by sex 

or adult age group. Among those 50+ years old, compared to younger adults, we found a 

trend toward smaller RRs of each adiposity indicator in association with fasting insulin or 

HOMA-IR, but this age-related trend was not evident for the three lipid-based biomarkers. 

Smaller RRs among older participants may reflect a survivorship bias caused by excess 

mortality among high-adiposity participants as they advance through later decades of 

adulthood. If so, then the participants whose risk status was defined by insulin-based 

biomarkers may have been removed from the population earlier or more often than those 

whose risk was defined by lipid-based biomarkers. We found also that irrespective of the 

chosen biomarker, the ranking of adiposity RRs was the same for blacks and non-blacks, but 

the RRs tended consistently to be weaker among the blacks. This finding is consistent with 

other U.S. studies demonstrating that the effect of adiposity on mortality tended to be less 

among blacks than among non-blacks [37,38].

Although our study participants were strategically sampled to represent the U.S. population, 

the applications of our findings may be limited because NHANES recruitment excluded 

institutionalized persons such as those in nursing homes, hospitals, or prisons. Another 

limitation of our analyses is that NHANES employed only one protocol for measuring the 

waist circumference whereas other studies made waist measurements using alternative 

anatomic landmarks. It is possible that waist circumference measurements midway between 

lowest rib and iliac crest would provide more useful physiological information than 

measurements using the NHANES protocol [45].

Likewise, the SAD has been measured using different methods. Studies comparing SAD 

protocols suggest, however, that the NHANES protocol for SAD may be the most 

appropriate for identifying health risks [46,47]. A very similar protocol for SAD 

measurement was used successfully in a nationwide survey of over 6000 Finnish adults in 

2000–2001 [48]. So long as it is possible for patients or survey participants to lie supine, the 

convenience and reliability of SAD measured by this standardized protocol may be no less 

than those of the waist circumferences or weights that are commonly obtained in clinical 

settings. A supine SAD measured by sliding-beam caliper, as compared to a standing waist 

circumference, avoids requirements that the tape measure be parallel to the ground and 

subjected to standardized degree of tension. In contrast to a standing weight, the SAD 

measurement can be readily interpreted for amputees, and it does not require adjustments for 
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heavy garments, jewelry, medical appliances, or shoes. Such considerations of convenience 

and reliability, in addition to the advantages of SADHtR for estimation of fasting-state 

insulin resistance, could support the wider use of SADHtR in clinical settings where the 

BMI is usually collected. Normative reference values for WHtR and SADHtR calculated 

using NHANES anthropometric methods are available online for the U.S. adult population 

that was surveyed in 2011–2014 [49].

Doubts have been expressed about the universal application of traditional BMI threshold 

values that indicate high-risk health status. The designation of adult “obesity” when BMI 

reaches 30.0 kg/m2 might require modification for some persons depending on their 

ancestral group, age, or the health outcome under consideration. Similar doubts could be 

expressed about the estimation and application of universal, high-risk thresholds for WHtR 

or SADHtR. Our Supplementary Material provides examples of how adiposity thresholds 

could be estimated among contemporary US adults if the purpose were to screen for those 

whose homeostatic insulin resistance is in the top 25% of the population. In this exercise, 

our estimated BMI threshold of 29.6 kg/m2 was not far from the BMI value that 

conventionally defines adult “obesity”. By use of the same method, we estimated that a 

screening threshold for WHtR would be 0.606, a value considerably higher than the 0.500 

threshold which has been recommended elsewhere [35]. Since more than 75% of US adults 

currently have WHtR values above 0.500 [49], we would advise caution before classifying 

so many people into a high-risk level of insulin resistance. Based on our analyses of 

abdominal adiposity indicators, a reasonable screening criterion for high-risk insulin 

resistance in the contemporary US adult population could be the SADHtR threshold value of 

0.140.

In conclusion, relative abdominal size (SADHtR, WHtR) rather than relative weight (BMI) 

may better define adult adiposity associated with homeostatic insulin resistance. These 

population-based, cross-sectional findings, if confirmed in prospective studies, could 

improve the anthropometric prediction of cardiometabolic risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BMI body mass index
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SADHtR sagittal abdominal diameter-to-height ratio

TyG index triglyceride × fasting glucose

WHtR waist circumference-to-height ratio
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Fig. 1. 
Measurement of the sagittal abdominal diameter (SAD) in a supine participant. Reprinted 

from Kahn HS et al. [50] with permission from Elsevier.
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Fig. 2. 
Risk ratios associated with SADHtR, WHtR, or BMI for being in ascending biomarker 

groups (Q1 through Q4) of fasting insulin or HOMA-IR. Models (sample n = 4251) are 

adjusted for age, ancestry, use of injected insulin, and use of oral antiglycemic medication. 

Error bars show the 95% CI. a p < 0.01 for comparison to BMI. b p < 0.001 for comparison 

to BMI.
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Fig. 3. 
Risk ratios associated with SADHtR, WHtR, or BMI for being in ascending biomarker 

groups (Q1 through Q4) of lipid-based biomarkers (proxy variables for insulin resistance). 

Models (sample n = 4353) are adjusted for age, ancestry, and sex. Error bars show the 95% 

CI. a p < 0.01 for comparison to BMI. b p < 0.001 for comparison to BMI.
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